We report an ultranarrow-linewidth laser spectrometer at 657 nm, consisting of a diode laser locked in a single stage to a stable high-finesse reference cavity. The system is characterized by comparison with a second independent system. From beat frequency measurements a linewidth below 1.5 Hz (FWHM) and a fractional instability of less than 2 ϫ 10 −15 for 1 s of averaging time are observed.
We report an ultranarrow-linewidth laser spectrometer at 657 nm, consisting of a diode laser locked in a single stage to a stable high-finesse reference cavity. The system is characterized by comparison with a second independent system. From beat frequency measurements a linewidth below 1.5 Hz (FWHM) and a fractional instability of less than 2 ϫ Applications in high-resolution laser spectroscopy, measurement of fundamental constants, 1 and optical clocks 2, 3 require narrow-linewidth lasers at specific atomic transition wavelengths. Because of their wide tuning range, compactness, reliability, and low power consumption, diode lasers are widely used. Solitary laser diodes, however, have typical linewidths of several megahertz, 4 which can be reduced in extended cavity diode laser (ECDL) geometries to some hundred kilohertz. 5 Further reduction can be achieved with an active servo system by using a stable reference frequency provided by an atomic or optical cavity resonance. Thus in recent years diode lasers with a linewidth of the order of 10 Hz have been realized, [6] [7] [8] [9] and subhertz locking of diode lasers relative to reference cavities has been demonstrated. 10 Nevertheless, hertz or subhertz linewidths have so far been demonstrated only with dye lasers and with nontunable solid-state lasers. [11] [12] [13] [14] In this Letter we report an ECDL-based laser spectrometer with a linewidth of 1 Hz for the interrogation of the calcium 657 nm intercombination line in an optical clock. 15 In the experimental setup a 13 cm long extended laser cavity in the Littman configuration 16 is formed by an antireflection-coated laser diode, a diffraction grating ͑1400 lines/ mm͒, and a mirror reflecting the first order of diffraction (Fig. 1) . The zeroth order provides the laser output. The mirror is mounted on a piezoelectric transducer (PZT) for slow cavity tuning. An intracavity LiNbO 3 electro-optical modulator (EOM) enables fast frequency corrections. Compared with using the injection current, the use of an EOM provides a predictable, broad, flat frequency response and avoids the coupling from frequency to amplitude modulation. The laser has about 9 mW of total output power and a free-running linewidth of a few hundred kilohertz. Cavity sidemodes that can lead to increased noise are suppressed by a 10 mm thick fusedsilica etalon.
For the frequency stabilization, a nontunable Fabry-Perot reference cavity made from ultralowexpansion glass (ULE) is used with a diameter of 8 cm and a length of 10 cm. A cavity full-resonance linewidth of 19 kHz was determined by optical ringdown measurements. The reference cavity is enclosed by a polished, gold-coated copper heat shield inside the vacuum chamber that is held at a pressure p Ͻ 10 −6 Pa. The cavity and the copper shield are each supported from below by small cylindrical elastomer pieces (Viton) at an angle of 35°with respect to the vertical direction. The vacuum chamber is placed inside an aluminum housing consisting of four independently temperature-stabilized sections with in-loop stabilities of a few millikelvins. The cavity is operated at 24°C with a measured coefficient of thermal expansion ␣ = ͑2.3± 0.4͒ ϫ 10 −8 K −1 . The zero-crossing temperature of ␣ is at ͑11.1± 1.5͒°C. 17 The laser is locked to the reference cavity by the Pound-Drever-Hall (PDH) method. 18 Part of the laser output is phase modulated at 10 MHz with an EOM and coupled to a polarization-preserving singlemode fiber. The fiber output and the mode-matching optics are rigidly connected to the vacuum chamber to avoid any motion with respect to the cavity. About 10 W of optical power is coupled to the cavity. The amplified error signal is fed back to the intracavity EOM of the diode laser with a 3 MHz servo bandwidth. Including the low-pass response of the cavity, the servo gain behaves like a double integrator be- tween 200 Hz and 100 kHz and like a single integrator elsewhere. The low-frequency part of the error signal, after further amplification by an additional integrator stage, is applied to the PZT of the ECDL end mirror.
To investigate the performance of the lock to the cavity, a second diode laser with PDH stabilization was set up, and both lasers were locked to adjacent modes of the same reference cavity. Thus length fluctuations of the reference resonator cancel and a beat spectrum with 0.3 Hz FWHM was observed (0.25 Hz resolution, 10 s averaging time). The relative Allan standard deviation of the beat frequency is shown in Fig. 2 with a minimum of y ͑1 s͒ =7ϫ 10 −16 (0.3 Hz absolute). For averaging times Ͼ0.5 s it is limited by servo offset fluctuations due to residual amplitude modulation (RAM) and for short times by Doppler shifts due to vibrations of the two laser setups. The RAM leads to a maximum drift of 30 mHz/ s, and it was usually minimized after a few hours of operation by careful alignment of the laser beam polarization to the modulator axis and the fiber axis by use of a detector installed at the fiber output (Fig. 1) .
The reference cavity is passively isolated against low-frequency vibrations with four oil-damped tension springs suspending the vacuum chamber on top of the air-floated laser table with resonance frequencies of 0.7 Hz vertically and 0.6 Hz horizontally. For acoustic isolation, a box made of medium-density fiberboard with an inner layer of sound-absorbing material is built around the spring suspension setup. As a result of the support of the cavity spacer, vertical accelerations dominate vibration-induced variations of the cavity length 19 with a sensitivity of 0.12 MHz/ ͑m/s 2 ͒. The spring suspension reduces vertical acceleration amplitudes to less than 4 ϫ 10 −6 m/s 2 / ͱ Hz for Fourier frequencies below 10 Hz, corresponding to a laser linewidth below 1 Hz. For characterization, two independent diode laser systems were set up on different laser tables, using separated foundations of the building and orthogonal orientations of the reference cavity axes. To avoid Doppler shifts from the free-space transmission of the light between the two tables, both tables were connected horizontally with a rod along the beam path. This horizontal connection did not cause significant vertical common-mode motions of both reference cavities; hence uncorrelated frequency noise of both systems can be assumed.
The spectral density of frequency fluctuations was measured by using the second system as a frequency discriminator (Fig. 3) . Because of the higher optical power employed in the second system, its electronic detection noise was lower than the white-noise floor of the first system. To calculate the frequency noise spectra from the measured electronic noise, the 9.5 kHz low-pass transfer function of the PDH error signal was taken into account. Around 1 Hz the noise level is only a factor of 3 above the combined estimated thermal noise of the reference cavities. 20 From the beat signal of the stabilized lasers a linewidth of 1.5 Hz FWHM was observed (Fig. 4, 1 Hz resolution bandwidth, 4 s acquisition time), which is limited by low-frequency cavity vibrations and a frequency drift of 0.5 Hz/ s. Because of higher vertical vibration amplitudes of the second reference cavity at Fourier frequencies below 10 Hz, the linewidth of the spectrometer is expected to be below 1 Hz. The Allan standard deviation calculated from the beat frequency data after subtraction of the linear drift of 0.44 Hz/ s (Fig. 2) shows a minimum of y ͑͒Ϸ2 ϫ 10 −15 (1 Hz absolute) for =0.5...20 s. The long-term drift over more than 1 yr of the reference cavity with respect to the calcium intercombination line was 73 mHz/ s, in good agreement with other measurements of ULE. 21, 22 Short-term cavity drifts induced by temperature changes are below 100 mHz/ s, corresponding to a temperature variation of Ͻ10 nK/ s.
In conclusion, we have developed a diode laser spectrometer with a 1 Hz linewidth and similar fre- quency instability for 1 s observation time. In the future improved isolation or less-vibration-sensitive cavity geometries 14 can lower the influence of vibrations. The subhertz instabilities of the lock to the cavity that have been achieved here can be further reduced by active suppression of residual amplitude modulation. 23 In combination with a cavity design that is less susceptible to thermal noise 20 and by operating the cavity at the zero-crossing temperature of the coefficient of thermal expansion, diode lasers with linewidths well below 1 Hz will become available in the near future.
